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For more than a century, mankind has achieved refrigeration by exploiting volatile gases that harm the environment when released to the atmosphere. More recently, the observation of electrocaloric effects in commercial multilayer capacitors has inspired the possibility of environmentally friendly cooling. Here we describe electrocaloric effects and multilayer capacitors, compare the electrocaloric performance of existing multilayer capacitors, and discuss the improvements required for practical cooling devices.





Electrocaloric (EC) effects1-8 are reversible thermal changes that arise in electrically polarizable materials due to changes of electric field ΔE. An example of how they can be exploited in cooling cycles for heat pumps is shown in Figure 1. EC effects are normally parameterised as adiabatic changes in temperature ΔT or isothermal changes in entropy ΔS, which we can be expressed1 using equilibrium thermodynamics as:

     and     ,

where P is electrical polarisation, c is specific heat capacity, Ei is the initial applied field, and Ef is the final applied field. EC effects are therefore expected to be large near ferroelectric phase transitions1, where the electrical polarisation varies strongly with temperature.

For several decades, EC effects in ferroelectric oxides and polymers have been investigated1-8 using thinned bulk samples and films of various thicknesses. The EC effects tend to be small in the thinned bulk samples, as they are too thick to support very large electric fields without breakdown1,5. By contrast, thin films can support large electric fields and so they show larger EC effects. However, EC films can only pump a small amount of heat, and they are typically attached to substrates that constitute thermal anchors.





A capacitor is an electronic device that stores electrical charge using two closely spaced metallic plates that are separated by an electrically polarizable medium (or free space). Over the last three decades, trends towards miniaturization, high performance, and low power consumption have dominated the ceramic capacitor industry, motivated to a large extent by the rise of mobile phones and compact computers. An MLC comprises many electrically polarizable layers that lie electrically in parallel due to interdigitated inner electrodes (Figure 2). The large resulting capacitance between the two terminals (outer electrodes) permits a large amount of charge to be stored in a small volume.
MLCs based on micron-thick layers of high-permittivity ceramic oxides are mass‑produced worldwide in their billions via the following fabrication process12. (i) Powdered oxides, binders and solvents are mixed to form a slurry. (ii) The slurry is tape-cast to form green ceramic sheets. (iii) Metallic electrodes are screen-printed onto these green ceramic sheets. (iv) The electroded green ceramic sheets are stacked, laminated and cut in order to produce individual multilayer structures. (v) The multilayer structures are fired in a furnace. (vi) The two ends of the multilayer structures are dipped into a metallic ink based on Cu in order to metallise the two terminals, and then the structure is fired again. (vii) The two terminals are electroplated with a layer of Ni (for various reasons that include its role as a diffusion barrier), and then a layer of Sn to facilitate soldering.

Commercial MLCs are broadly divided into two types, depending on the selection of the active material and the application. MLCs based on paraelectric materials such as TiO2 and CaZrO3 provide temperature-independent capacitances that are small13, whereas multilayer capacitors based on doped ferroelectric materials such as BaTiO3 provide large capacitances that vary relatively strongly with temperature and field13. The latter are necessarily not suitable for power electronics, but they are widely used as decoupling capacitors in microelectronics, and nowadays they also represent highly desirable EC modules as described below.

Electrocaloric performance of multilayer capacitors

The MLC geometry was used long ago in order to directly measure changes of temperature in thin EC layers14. MLCs were only later suggested as EC cooling devices in their own right15, leading to studies based on a very limited range of active materials, namely three ferroelectric oxides (based on BaTiO3, PbMg1/3Nb2/3O3‑PbTiO3 and PbMg1/3Nb2/3O3), and one ferroelectric polymer [poly(vinylidene fluoridetrifluoroethylene)16]. Oxide MLCs17-26 show adiabatic temperature changes of |ΔT| < 1 K near room temperature, and |ΔT| < 2.5 K at high temperature (Figure 3, Table 1). This has been sufficient for the development of five EC cooling devices27-31, some of which are described in Figure 4.
Outlook
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